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Figure 34. Consolidated undertrequency droop test results. Illustration from RREL

4.2,2 Frequency Droop Tests during Overfrequency Event
Frcqucncy dmop tests for thc ovcrfrcqucncy events were also conducted on August 24, 2016.
Thc results ofon» $% droop test on the morning on August 24, 2016. are shown in Figure 35.
Thc plant's response to thc ovcrfrcquency event was measured at the plant's POI. Thc calculated
active power time scrics shows that the plant decreased its power output during the initial grid
frequency increase, then gradually rcturncd to tts original pretest Icvcl as frcqucncy rcturncd to
its normal prcfault level. The droop response of thc plant from scvcral tests can be observed in
thc X-Y plots shown in Figure 36 (a and b) and Figurc 37. whcrcin a linear depcndcncc bctwccn
frcqucncy and mcasurcd power can be observed once the frequency deviation exceeded the
dcadband. Thc plant'emonstrated consistent and accurate down-regulation pcrfomtancc dunng
all ovcrfrcqucncy droop tests.
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Figure 35. Example of the plant'0 response to an overtrettuency event
(5% droop test during sunrise). Illusualion from NREL
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Figure 36. Measured droop characteristics for an oveifrequency event:
(a) 5% drooP test and (b) 3yr drooP test during midday. Illusuat)on from NREL
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Figure 37. Measured droop characteristics for an overtrettuency event
(5%i droop test during sunset). IilustraUon from NREL

A PV plant must operate in curtailed made lo provide enough rcscrve for PFR response during
undcrfrcqucncy ccnditions, During normal operating conditions with near-nominal system
frcqucncy. thc control is set to provide a specified ntargin by generating less power than is
availablc from thc plant. Thc reserve available (i.c.. headroom) is thc availablc power curtailed.
which is shown as the rcservc between thc operational point and Ps in Figure 38. lf required by
reliability considcmtion, a nonsymmetric droop curve is possible udth solar PV power.
depending on system n«cds, as shown in Figure 38. hlore aggressive droops (c.g., 1% or 2%) can
bc implemented for ovcrfrequency regulation bccausc PV plants are able to provide vc~'ast
curtailment. This type of nonsymmetric droop response will likely be demonstrated in future
stages of this testing project.

~~waar ei~

Pr

os- t 08+

Figure 38. Concept of nonsymmetric droop characteristic for PV plants. Illustration from NREL
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5 Reactive Power and Voltage Control Tests
5.1 Rationale and Description of Reactive Power Tests
Voltage on thc Xi'oah American bulk system is normally regulated by generator operators. which

arc typically provided with voltage schedules by transmission opemtois [l7]. Thc puwing level

of penetration ofvariable wind and solar generation has led to thc need for them to contribute to

power system voltage and reactive regulation because in thc past thc bulk system voltage

regulation was provrided almost cxclusivcly by synchronous genemtors. According to FERC's

LGIA [I g], thc gcncrally accepted power factor requirement of a large genemtor is Hk95. In

conventional po«er plants with s)stchronous generators, the reactive power range is normally

defined as dynamic. so synchronous generators nccd to continuously adjust their reactive po«cr

production or absorption within a power factor range of 0.95. For PV power plants. the reactive

power requirements arc not well defined. FERC Order 66)-A [19] is applicablc to wind

gcncrators but sometimes applied to PV plants as well. It also requires a power factor mngcot'0.95

mcasurcd at the POI and requires that thc plant provide suAicicnt dynamic voliiigc support

to cnsurc safety and reliability (thc rcquircmcnt for dynamic voltage suppon is normally

dctcrmincd during interconnccuon studies). Utility-scale wind poiver plants are designed to mcct

thc e0.95 power factor rcqmrcmcnts; howcvcr, the comnion practice in thc PV industry is to

conligurc PV invcricrs to opcmte at unity power factor, h is expected thai similar

intcrconncction rcquircmcnts for power factor range and low-voltage ride-through «rill bc

formulated for PV in the near future. To meet this rcquiremcnt, PV invcrters need to hai e hIV*

ratings large enough to handle full active and reactive current.

In its recent Order 827, FERC issued a final rulc requiring all newly interconnecting

nonsynchronous gcncmtors. including wind gcncrators, to design their (acilitics to bc capableol'rovidingreactive power [20]. The generating facilities nccd to bc capable of maintaining a

composite power delivery at continuous rated power output at thc high side of thc generation

substation at &.95 power factors.

Conventional s)«chronous generators of power plants have reactive power capability tliat is

typically described as a -D curve." as shown in Figure 39. Thc reactive power capability of

conventional power plants is limited by many factors, including their maximum and minimum

load capability, thermal limitation~ duc to rotor and stator current-carrying capacities. and

stability limits. Thc ability to protridc rcactivc power at acro loads is usually not possible ivith

many large plant designs. Only some generators are designed to opemte as synchronous

condcnscrs «5th zero activcs loads. Thc reactive power capability of a PV invcrtcr is dctcnmncd

by its current limit only. LVith proper h1 EV and MVA rating. thc PV invcrtcr should bc able to

opcratc at full current with rcactivc power capability, similar to thc onc sho«m in Figurc 39. In

genera, for thc same hIVA rating. a PV power plant is cxpectcd to haic much superior rcactivc

power capability than a conventional synchronous gcncrator-based plant, as indicatixi notionally

in Figure 39. In principle. PV invertcrs can provide rcactivc power support at rero power, similar

to a STATCOM (scc definition in [2l]); ho«cvcr. this functionality is not standard because PV

invcrters are disconnected from the grid at night

Tres report is evailabte ai no cost from the Nabonal Renewable Energy t.eboretbry et w«w niel gov nu eatiehe



ELEC
TR

O
N
IC
ALLY

FILED
-2021

M
ay

3
11:25

AM
-SC

PSC
-D

ocket#
2019-225-E

-Page
5
of29

a [Mvea

iree eeeliae
reiere

leerrrea
career
rerret Q d~c

relre reeeetllv ol
~v reverew

repas rreeuee seer

Figure 39. Comparison ol reactive power capability for a synchronous generator
and PV inverter of the same MVA and QW ratings. IiiustraVon from HREL
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Figure 40. Proposed reectivo power capability for asynchronous resources.
lllusuallon from CAISO
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In its proposed reactive power capability characteristic for as&ttchronous generation (Figure 40).
CAISO defined the requirements for d&ramie and continuous rcactivc power pcrfomtance by
such resources [21]. Thc rcd vertical lines shown in Figurc 40 represcm thc cxpccted reactive
capability of thc as&stchronous generating plant at the high side of lhc generator slep-up bank. At

all levels of real power output, thc plant is expected to produce or absorb rcactivc power
equivalent to approximately 33% of the plant's actual real power output. For example, at thc
plant's maximum 300-hILV real power capability, the expc~ed d&ttamic rcactivc capability
should be 100 MVARS lagging or 100 hIVARS leading. Also, at 50% real power output. thc

cxpcctcd rcactivc capability should bc 50 hIVARS lagging or 50 MVARS leading, and at zero

hid output. thc expected reactive output should bc zero, Figure 41 shows thc cxpoctcd reactive

capability of thc 300-ht&V PV plant under test if it must comply with thc proposed CAISO
requirement for asynchronous gcncrating facilities at the POI. The PV plant is supposed to

absorb or produce 100 MVAR of rcactivc power when operating at full hlW capacuy at a potvcr
factor of %.95 or v0.95. respectively.

Figure 41. CAISO's proposed reactive capability applied to the 300&W PV plant under testing.
fr!us vatfon from NREL

Mvea

v lo.ul

Figure 42. The plant's reactive power capability at different voltage levels at full MW output.
ftrosrrerfon from AREL
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The voltage at thc POI may change because ofgrid conditions. but the plant must maintain its
reactive power capability. For this purpose. CA ISO's proposed reactive power requir«ment
specifics a voltage operating window for the as)nchronous gencratmg facility to provide reactive
power at 0.95 lagging power factor when voltage levels arc between 0.95-1 p.u at the POL
Likewise. it should be able to absorb reactive power at 0.95 leading power factor when voltage
Icvcls are between 1-1,05 p.u. Thc proposed capability at different vohagc Icvcls appliei to thc
300-MW P V plant at its full production level is shown in Figure 42.

CAISO proposed adopting a unifomi requirement of asynchronous invettereouplixl resources to
provide reactive power capability and voltage regulation, as shown in Figure 40 [21). According
to CAISO's dial) proposal on reactive poiver and financial compensation, thc asynchronous
generating facility shall have dynamic and continuous reactive capability for power factor ranges
of +0.9(I5 and s0.95, respectively. Through its initiative, CAISO has explored mechanisms to
compcnsatc resources for thc capability and provision of rcactivc power. In some regions
transmission providers make payments for reactive power capability. but not all. Thcsc regions
conclude that rvyuiring the capability for this operation is a good utility practice and a necessary
condition for conducting normal business [21]. [22J,

The primary objective of the reactive power test was to demonstrate thc capability of the PV
plant to operate in thc voltage regulation mode within the power factor range of0.95
Ieadingllagging, The p)ant controller maintained thc spccificd voltage sct point at thc high side of
thc gcncrator step.up bank by regulating thc reactive power produced by thc inverters.

The tests werc conducted at three dityerent real power output levels: (I) maximum production
dunng the middle of thc day, (2) during sunset when thc plant is at approximately 50% of its
maximum capability. and (3) during sunset when the plant is close to zero production.
IvfcasurcmcnLs ivcrc conducted to verify the plant's capability to absorb and produce rcactivc
power in accordance with Figurc 40. within a range of+I 00 M VAR during various levels of real
power output.

~ The plant vms Iirst tcstcd at its maximtun real poum output for a given irradiance IcvcL At
maximum real poivcr output. thc plant must demonstrate that it can produce
approximately 33% of real output as d)mamic rcactivc. Similarly, at maximum real power
output, thc plant must demonsuatc that it can abso*approximatcly 33% of its real power
output as rtactivc output,

~ During sunset. as solar production drops otTto approximately 50% of thc resource's
maximum capability, thc plant must dcmonstratc that it can pmducc and absorb
approximately 33% of its real power output as dynamic reactive output.

~ During sunset, as thc plant production approaches zero MW. the plant must dcmonstratc
that it can produce and absorb approximately 33% of its real power output as dyniunic
reactive outpuL

5.2 Results of Reactive Capability Power Tests
The'lant's reactive power capability was tcstcd at tivo different poivcr Icvcls on Auyrst 23.
2016, and August 24, 2016. First, the plant's reactive power capability was mcasurcd during a
number of tests when thc plant was producing high Icvcls ofactive poiicr (250!vW'nd morc).
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Then the reactive power capability was measured at extremely low lcvcls of MW production

(less than 5 MW). The resulls ofboth tests are consolidated in a graph showing MVAR

compared to M tV, Figure 43, wherein thc blue dots rcprcscnt the data points measured by the

plant's P) IUs. The measurcmcnts are compared to the proposed CA 1 SO reactive potver

requirement f'r asynchronous gcncration (yellow trianglch demonstrating that thc plant meets

the cxpcctcd reactive power capability. In addition. the plant is capable of producing and

absorbing rcactivc power at close to acro power production. Another. more articulate view of the

same test results is shown in a threcdimcnsionaI view in Figure 44. tvhich combines measured

M'tV, hl VAR. and POI voltage. allowdng for thc positioning of mcasurcd data points with respect

to thc proposed CAISO requirements.
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Figure 4x Measured reactive power capability at lhe pOL Iliusrratfon !rom NREL
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Figure 44. Measured reactive power capablgty and vottages at the POI. fffustraffon from AIREL

The vohagc limit control test was conducted to verify thc ability of thc plant's control system
capability to maintain a power factor target at the sane time as maintaining voltage at the POI
bcnvccn thc low and high limits I0.95 p.u. and I.OS p.u„rcspcctivcly). as shown in Figure 45.
First, the plant was operating at nearly maximum active power gcncration in close to unity power
factor control mode. An artiftcial POI voltage signal was provided to thc plant controller to
ovcmdc thc real mcasurcmcnt. While in power factor control mode, the control automatically
swuchcd to voltage limit mode to maintain thc voltage «ithin safe operating limits. Upon
completion of th» POI voltage increase or decrease with the power factor near the unity value.
thc control system switched bock to power factor control mode.
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Ftgure 45. Results of the voltage ftmtt control test. fffusfratfon from NREL
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Thc same test is shown in Figure 46, wherein thc mcamrrd reactive power is comparLM to thc

reactive power capability window from Figure 42. As shou+ in Figure 46. thc plant is fully

capable of operating vdthin CAISO's proposed window at PF~.95,

Leading PF Lagging PF

100

I
0

09 CSS 1 1CS

voltsot Iaat

Figure 46. voltage gmit control test and reactive power capabtllty. Illtrsrratron Irom NREL

ln addition, thc plant was tested to demonstrate thc control operation in power factor control

mode and characterize control system response to changes in power tactor set point. Reactive

power ramp rates and power factor limits for this test werc specified at +100 ihIVAIbmin and

st0.95, respectively. The results of thc leading and lagging power I'actor control tests are shoutt

in Figurc 47. For both tests, the system ups operating at nearly full pouer output, It reached its

pou'er factor targets udth spcuifted ramp rates in thc PPC without any oscillation and stability

issues.
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Figure 47. Lagging and leading power factor control testa. Illustration from Fire I solar

Results of thc reactive power set point control test are shown in Figure 4g. This test was
conducted during a period of high power generation, and it um intcndcd to demonstrate the
ability of the plant to maintain capacitive or inductive VARs at thc POl. As shown in Figurc 4g.
the plant was fully capable of following thc reactive power set pomts with prescribe PPC
rcactivc power ramp rates.

Tnis report rs a ~usable al no cost from lne Nabonal Renewable Energy Laboratory at www nrel govtpublications
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Figure 48. Reactive power control test. Illustration from First sofar

5.3 Low-Generation Reactive Power ProdUction Test
Onc way to increase the optimal utilization of PV power plants is to usc their capability to

provide VAR support to the gnd during times svhcn thc solar resource is not available. For ibis

purpose, the capability of the grid-tied invcrtexs of thc 300-ydW pv plant to pmvide reactive

posvcr support during a pcnod of no active power gcncration was demonstrated. Duc to thc

limited time window available for this testing, it was not possible to test this capability during

dark hours of thc day; instead, thc team decided to dcmonstratc thc VAR support capability of

thc plant at nearly zero active power gcncmtion. Thc plant's active output was cunailcd to nearly

zero '4lW on August 24, 2017. Then thc command was sent to thc plant controller to ramp thc

reactive power to produce or absorb 100 hlVAR. The results of these tests along with thc

mcasurcd POI voltage arc shown in Figure 49. Thc plant was fully capable of producing or

absorbing the commanded hdVAR levels during thc whole testing time. Note that the conditions

of this (cst arc only partially realistic bccausc spwial control schcmcs axc nccdcd for gridcdcd

invcrtcrs to opcratc as STATCOht when a PV array is fully dewncrgizcd. and a certain amount

of active power nccds to bc drawn from thc gid to compensate for invertcr losses. A morc

realistic test for nighttime VAR mode is planned for the near future.

This report is avaiiabie at no cost txom the Rationai Renewable Energy t.aeoratory et www n'el gev publications
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Figure 49. Reaclive power production test at no active power (Pe0 MWj. Illustration rrom IIREL

This report is ava:labia st no cost from the National Renewable Energy Laboralory at www.ivet.govipubtications



ELEC
TR

O
N
IC
ALLY

FILED
-2021

M
ay

3
11:25

AM
-SC

PSC
-D

ocket#
2019-225-E

-Page
14

of29

6 Additional Tests
Thc time series of thc plant's measured active and reactive pov,cr and POI voltage for the tvholc

period of testing on Augtxst 23, 2010, is shown in Figurc 50. This summary combines rcsuhs of

several commissioning tests conducted between 10 a.m. and 3 p.m. on August 23, 2010. The

tests conducted in the morning werc rclatcd to various forms of APC, and the tests conducted m

thc afternoon involved various forms of reactive power, voltage, and pou er factor controls.

stra utw ttvsa —tv

tao I

Io.s tr ll 5

Figure 50. Plant output during the August 23, 2016, tests. /Ilustrat/on (ronr HREL

Thc curtailment control test was conducted to demonstrate thc plant 5 ability to limit ixs active

power production and then restore it to any desired lcvcl. Thc results of the test are shoum in

Figure 5 l. Thc plant was accurately following thc actlvc power set point from a nearly full

production lcvcl to thc zero level with a preset ramp rate of 30 MtV min. The plant'5 actitc

power was then commanded to incrcasc in accordance with the increasing sct pointrv 'Note thai

thc reactive power of the plant remained unchanged at a lcvcl of nearly zero MVAR for thc

whole mage of active power. This is an indicator of the PV invcrtcrs'apability to independently

control active and reactive power.

Thc curtailment control test aLto demonstrates that PV generation can provide additional

ancillary services in thc form of spinning and nonspinning reserves. According to CAlSO'5

definitions, spinning reserve is a standby capacity from generation units already ronncctcd or

s&tlchronized to the grid and that can dclivcr their «ncrgy in 10 minutes when dispatched. Wtth a

demonstrated 30-M'LV/min ramp rate capability, thc PV plant under test is capable of dcplo&nng

300 MW of spinning reserve in only 10 minutes for some hypothetical case of full curtailment.

hionspinning rcscrvc is capamty that can be s&stchronizcd tu thc butd and rampcd to a specigcd

load within 10 minutes. Similarly, thc PV plant can provide nonspinning rcservc as well. ln facx

in a PV planX unlike any conventional generation, there is no differentiation bctwccn spinning

and nonspinning reserve capacity due to the nature of PV gcncration.

Th&s report Is evadable al no cost from 1ta Nauonat Renewable Energy Laboratory al wvw.r ..el gov rupllcapons
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Figure 51. Results of the active power curtailment test. IllustratIon from HREL

Another type of APC test. called frcqucncy tvlidation, was conducted to demonsuatc thc control
system response to frequency disturbances. Unlike thc I'requency droop tests described in Section
4 of this rcport, thc frcqucncy validation tests werc conducted with artificially commanded step
changes in POI frequency. Figure 52 shows the plant's rcsponsc to the commanded frequency
values. Thc plant's response corrcspond» to a 5'/& frcqucncy droop setting with an excel lent
match between thc mcasurcd and calculated target power lcvcls. (All active power ramp mtcs in
thc PPC werc bypticscd when thc plant is in frcqucncy regulation mode.)
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Figure 51. Results of the trequency validation lest. Illustration from HREL
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7 Conclusions and Future Plans
This project demonstrated how solar PV generating plants can provide a wide range ofcsscntial

reliability scrviccs. Tests shotvcd fast and accurate PV phnt response to AGC, frequency.

voltage. power factor. and reactive power signals under a variety of solar conditions.

7.1 Test Summary
The focus of this project uas on demonstrating thc controls of a 300-MtV utilit&-scale PV power

plant «ithin CAISO's footprint to provide various t&Ttes of active and reactive power controls for

ancillary services.

Active power control capabilities for invertcr-conncctcd plants such as PV power plants have

been acknowledged and available for a number ofyears; however, many of these capabiltties

have not bccn proven in a real. commercially operational scuing by interlacing with the plant's

operator on the ground as svcll as the system operator (cithcr utility off-taker or transmission

system operator).

This project is a result of collaboration among NREI„CAISO. and First Solar, AREL's

participation was funded through DOE's Solar Energy Tcchnologtcs ONcc. The project team

gained valuable real cxpcrience for all industry players regarding ( I ) a PV power plant's

implementations of these capabilities, (2) thc system operators'nterface and communications

acceptance of measured plant parameters andusc of thc parameters, (3) the iterative loop for the

system operators to send back appropriate sct points. (4) the logic of the PV PPCs to respond to

thc set points, and (5) the PV potvcr plant's return of up-toWte information (such as available

peak plant power) to complete the iterative loop.

Thc AGC tests dcmortstratcd thc plant's ability to follow CA ISO's AGC dispatch signals during

three diITercnt solar resource intensit& time frames: (I) sunrise, (2) middle of thc day (noon-2

p.m ), and (3) sunset. For this putposc, the phnt u as curtailed by 30 hlku from its available peak

power to have maneuverability to follow CA ISO's AGC signal, During thcsc tests. Inst and

accurate AGC performance was demonstrated at different solar rcsourcc conditions.

For the frequency response tests, thc plant was also operated in curtailed mode to have enough

headroom to incrcasc its output in rcsponsc to a frcqucncy dcclinc outside of a dcfincd dcadband.

Headroom is achicvcd by sending a curtailment contmand to the PPC after initially computing its

csttmation of maximum capability using real-time solar irradiance data from thc network of

pyranometets, real-time measurcmcnts of panel and invctter data. and other static charactcnsucs

of thc s&stem's components Assuming that the plant will bc reimbursed for thc energy loss duc

to curtailment for these ancillary services, it is likely that thc maximum power estimation will

need to be refined and validated, The plant demonstrated fast and accumtc frequency response

performance for different droop scuings (3/ and 5%) under various solar rcsourcc conditions tor

both underfrequency and ovcrfrcqucncy events.

The plant also demonstrated the ability to operate in three modes related to reactive power

control: voltage regulation. power factor regulation, and rcactivc power control. Thc plant can

opcratc in only one of the three modes at a time, with a seamless transition from onc ntodc to

another. The plant controller was able to maintain the speci(lcd voltage set points at the POI by

Tb4 report is avaaable at no cost trom tne Nattonat Renewable Energy Laboratory at wvw nrol gun p seatvtns
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regulating the reactive pov cr produced or absorbed by the PV invettcts. Also, the plant's ability
to produce or absttrb reactive power at nearly zero h1kV pmduction (STATCOyd mode) atm
demonstrated as well

7.2 Detailed Conclusions
Gcncral conclusions include the following:

~ Advanccmcnls in smart invcttcr technology combined with advanced plant controls allow
solar PV resources to provide regulation, voltage support. and frequency response during
various operation modes.

~ Solar PV rcsourccs with these advanced yid-friendly capabilities have unique operating
characteristics that can enhance system reliability. like conventional gcncrators. by
proVidin:

o Essential reliability services during periods ofoversupply

o Voltage support when thc plant's output is near zero

o Fast frcqucncy response (inertia response time frame)

o Frequency rcsponsc for Iow as well as high frequency events.

~ Accurate estimation ofavailablc peak pov cr is important for the precision ofAGC
control.

~ lt makes sense to include spccifications for such available peak power estimations into
future interconnection requircmcnts and resource performance verification proccdurcs.

~ S&stem-Icvc) modeling cxcrcises will be needed to determine thc exact parameters of
each control fcaturc to maximize the reliability benefits to CAISO or any other system
operator that will bc utilizing such controls in its operations.

~ All hanhvarc components enabling PV power plants to proiddc a full suite of grid-
friendly controls are already in cxistcncc in many utilitywcale PV plants. Fully enabling
thcsc is mainly a mancr ofactivating thcsc controls and,'or implcmcnting
communications upgrades. Issues to bc addrcsscd in thc process include communications
protocol compatibility and proper scaling for sct point signals. Although thcsc are not
significant barriers. dialogue and interaction among thc plant operators and thc system
operators is an important component of implcmcnting APC capabilities. h(odifying
progmmming logic may bc necessary at multiple places in thc chain of communications.

~ Fine-tuning the PPC to achieve rapid and precise responses might bc a necessary step m
many PV plants. It may bc casicr with newer equipment because of thc faster rcsponsc
times of neu er invcttcrs and controller systems.

~ SIany utility-scale PV power plants arc already capable of receiving curtailment sibma(s
from grid operators: each plant is dilTercnt, but it is expected that thc transition to AGC
operation mode will be rclativcly simple «1th modifications made only to thc PPC and
interface sc Aware (Figurc 53).

~ Fast response by PV invcrtets coupled with plant-level controls make it possible to
develop other advanced controls, such as STATCOSI functionality, power oscillation

This report is available .it no cost from the Natrortat Rertewabte Energy Lahore'.ory at www nrel.gowpubacabons.



ELEC
TR

O
N
IC
ALLY

FILED
-2021

M
ay

3
11:25

AM
-SC

PSC
-D

ocket#
2019-225-E

-Page
18

of29

damping controls. subsynchronous controls oscillations damping and mitigation. active

filter operation mode by PV ini criers. ctc.

IVOae ~ - S4 n

s
L~ bete~
4~~~ Isla1~I l~
4~~w
~ lhVhg OW~1 A~

Figure 53. A grid-friendly PV power plant. fffusrration from NREL

Thc project team conducted tests that demonstrated how various iypcs of active and reactive

povvcr controls can lcvcragc PV generation's value from being s simple variable cncrgy resource

to a resource providing a wide range of ancillary services. KVith this project's approach io s

holistic demonstration on an actual large utility-scale operational PV power plant and

dissemination of the obtained results, thc team sought to close some gaps in pcrspccuves that

cxict among curious stakcholdcrs in California and nationividc by providing real test data. If PV-

gencratcd power can offer s supportive product that benefits Ute power system and is economic

for PV power plant owners and customers, this functionality should bc recogttired and

encouraged.

7.3 Future Plans
Future plans by the project team include:

~ Identifying potential barriers to providmg csscntial reliability services to make these

services operationally feasible

~ Exploring economic anttior contractual incentives to maximixc production and not hold

back production to provide reliability sciviccs

~ Identil'ying necessary steps to unlock opportunitics to usc reliability scrviccs from

rcncwablc rcsourccs by:

o Assessing and quanufymg the fleet's capability io provide reliability services

o Evshtsting policics such as FERC Noricc of Inquiry RMI 6-6. which recommends

requiring all synchronous and asynchronous machines to provide primary

frcqucncy rcsponsc

This report rs avaaabta at no cost from tna National Renev abls Energy Laboratory at vww nrai Qov puol tatetr r
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o Considering how renewable resources already dispatched or curtailed can prosddc
upward regulation and frequency response

o idtnttifying tvhat tariffchanges arc necessary to remove barriers and allow
variable energy resources to protdde reliability services

o Exploring tvays to allow inverterkascd rcsourccs and associated control systems
to bc used to enhance reliability and response to frequency cvcnts

o Exploring tbrthcr opportunities for invcrtcr-based resources to participate in thc
vatious markets for energy and ancillary scrvdccs.

~ Developing further modifications to control algonthms and fine-tune control parameters
for improved performance of thc dcmonstratcd services

~ Dcmonstniting true PV STATCOS1 functionality during nighttime hours
~ Dcmonstmting ancillary scrviccs by a number of PV plants within CA ISO's footprint to

understand the impacts ol'solar rcsourcc geographical diversity on the aggregate response
by solar generation on various types ofancillary scrviccs

~ Finally, CA ISO and NREL are interested in exploring the possibility ofconducting
simultaneous demonstration testing ofancillary service controls by solar PV and wind
generation to understand thc aggregate response by nvo different rcncwable energy
resources svhcn providing various combinations of ancillary services.

This repari ia availattte .it no coal from the National Rance atite Energy Lsttotatary at www.nrel.gpwpubttcations
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Appendix: Test Plan
Objective
Perform multiple tests, and document thc perfonnance of a 300-hIkv PV solar facility in a

commercially operational sening. The plant currently has a maximum capacity of 2gg.g klkV and

participates in the indcpcndent system opcmtor's (ISO's) market. The plant is in the proccis of

completing its final acceptance testing by mid- to late August 2016.

Thc California Independent System Operator (CA(SO) is responsible for ensuring that sutTtctcnt

ancillary scrviccs are available to maintain the reliability of thc grid controlled by th« ISO.

kdodcrn utilitywcalc PV power plants consist of multiple power electronic invertcrs and can

contribute to grid stability and reliability through sophisticated -grid-friendly" controls. Thc

findings of this testing project will provide valuable information to thc ISO concerning thc

ability of variable energy resources to provide ancillary scrxdccs. cnhancc system reliability. and

participate in future ancillary service markets in a manner that is simtlar to that of traditional

gcncrators. All tests would bc done in a manner to minimize curtailment to thc p)ant below its

current commercial Pw„. Curtailmcnt details and actual test times would be worked out prior to

thc tests.

The project team—consisting of experts from CAlSO. First Solar, and thc Nattonal Rentable

Energy Laboratory (NREL)—developed the demonstration concept and test phn to show hosv

various types of active and reactive power controls can Icvcrage PV generation's value from

being a simple intermittent energy resource to providing a wide mnge of ancillary scn iccs.

Through this demonstration and the subsequent dissemination of the resulLs, thc team will

provide valuable real test data from an actual utility-scale operational PV power plant to all

stakcholdcrs in California and nationwide. If PV-gcneratcd posvcr can offer a supportive product

that benefits thc power system and is economic for PV power plant owners and customers. this

functionality should be recognized and encouraged.

Regulation-Up and Regulation-Down
This test will demonstrate the plant's ability to follow thc ISO's automatic gcncration control

(AGC) dispatch signals. Thc purpose of AGC is to enable thc power plant to follow thc active

power set point dispatched by thc ISO at the end of every 4&ccond time interval. The ISO will

conduct thc test at thrcc different solar rcsourcc intensity time frames: ( I ) sunrise. (2) middle of

thc day (noon-4 p.m.), and (3) sunset. Each test will provide actual 4-second AGC signals that

thc ISO has previously scot to a rcgulationwcrttficd resource of similar size. Ni'onnally. CA ISO

measures thc accuracy of a resource's response to energy management system signals dunng IS-

minute intervals by calculating thc ratio benvccn thc sum of thc total 4-second set point

deviations and the sum ol thc AGC sct points,

~ Sunrise

During sunrise. the plant would bc instructed to opcmtc withm a real power mng«of 20

hfll'elow its )reak power capability. Approximately 10 minutes o('actual 4 second AGC

signals would then be fcd into thc plant's controller, and thc p'lant's response would bc

monitored.

~ Middle of thc day

S2
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During the middle of the day. thc plant would be instructed to opcratc within a real po«cr
range of29 hftl'brio«r'tx peak poirer capability. Approximately 20 minutes ofactual 4-
second AGC signals would then bc fcd into thc plant's controller, and the plant's
response svould bc monitored.

~ Sunset

During sunset. the plant tvould be instructed to operate within a real po«cr range of20hill'helmvits peak power capability, About 20 minutes of actual 4-second AGC signals
svould then be fcd into the plant's controller, and thc plant's response tvould be
monitored

Expectation
During thc test. the ISO «ill monitor thc dcla&ed rcsponsc time of thc plant (i.c„ thc time
bctwccn thc resource receiving a control signal indicating a change in sct poim and the instant
thc resource's h(W output changes). Thc ISO will also monitor thc accuracy of thc plant's
response to thc regulation set.point changes. The data from this test will be used by ISOs in
future resource-specific cxpccrcd mileage for thc purposes ofawarding rcgulationmp and
regulation-down capacity.

Curtailment
It is cxpcctcd that thc plant would bc cunailcd by 20 hl W for approximately 45 (3 x I 5 minutes)
minutes,

Voltage Regulation Control
The ISO «ill test thc plant in the voltage regulation mode, whereby thc controller maintains a
scheduled vo! tagc at thc terminal ol'thc gcncrator step-up transformer by regulating the reactive
power produced by the invencrs, The voltage regulation system is based on thc reactive
capabilittcs of thc inverters using a closed-loop control system similar to automatic voltage
regulators in conventional gcncrators.

The reacuvc power capability would bc tested to show the Federal Energy Regulatory
Commission's (FERC's) proposed reactive capability (Order 827), which requires that all newly
interconnecting nonsynchronous generators design their generating facilities to meet thc reactive
power requircmcn;s at all Icvcls of real power output. (Refer to the t enieal re lhrcsin Figure.4-
I,)

Objective
Thc primary objective of this test is to dcntonstrate thc capability of thc plant to operate in
voltage regulation mode wtthin a power factor range of0.95 leading'lagging. Thc plant
controller maintains thc spccilicd voltage sct point at thc high side of thc gcncrator stcp4tp bank
by regulating thc reactive power produced by the invettcrs.

Test Procedure
Thc ISO would test the plant at tliree dilTcrent real power output levels: (I) maximum production
during thc middle of thc day, (2) during sunset when thc plant is at approximately 50% of its
maximum capability. and (3) during sunset svhcn the plant is close to aero production. Thc ISO

53
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will test the plant's reactive power capability to absorb and produce reactive potvcr in accordance

with Figure A-l, within a range of ~ l00 lvf VAR during various levels of real poivcr output.

~ The plant would first bc tested at its maximum real power output for a giv «n irradiance

leveL At nnximum real power output, the plant must demonstrate that it can produce

approximately 33% of real output as dynamic rcactivc. Simihrly. at maximum real poivcr

output. the plant must demonstrate that it can absorb approximately 33% of its real power

output as reactive output.

~ During sunset, as thc solar production drops off to approximately 50% of ihe resource's

maximum capability. the plant must demonstrate that it can produce and absorb

approximately 33% of its real power output as dynamic rcactivc output.

~ During sunset, as the plant production approaches zero MtV. thc plant must demonstmtc

that it can produce and absorb approximately 33% of its real power output as dynamic

reactive output.

C ICH rlwC
Wlf~
Clr HvowvA

ix ~~N see
VA'Nlkw

c x ++v vO vs

FERC's proposed
reactive capability

ISO's proposed
reactive capabiTi

wow»r lAwe ~ ~»'» %Kl 4~e e»al»
I.~oe tp» sos e ~»v» M v4%4 M

Figure A-1. Reactive power capability at the POI. Illustration from NREL

Note: The red vertical tines shown In Figure A-t represent the expected reacbve capabilriy of the

asynchronous generating plant at the high side of the generator step-up bank. At ag levels of real power

output. the plant is expected to produce or absorb reactive power equivalent to approximately 33% of the

plant's actual real power output. For example, at the plant's maximum real power capability, the expected

reactive capabisty shoukl be 33 MvARs lagging or 33 MYARs teadrng. Also. at zero rest power output.

the expected dynamic reactive capability should be zero MVARS taggrng or zero hlVARS leadxvg.

Expectation
Thc plant must dcmonstratc that its reactive capability follow FERC's proposed reactive

capability, as shown in Figurc A-l.
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Curtailment
ofte.

Active Power Control Capabilities
CA ISO sccks to test thc APC capability to assess the plant's ability to control its output in
specific incrcmcns by being able to mimic a spcciftcd ramp rate. The results of this test would
bc used to detcnmnc thc plant's ability to provide ancillary scrvdces such as spinning reserve and
nonspinning reserve.

Objective
This objective of this test is to demonstrate that thc plant can dccreasc output or incrcasc output
tvhilc maintaining a spcctfic ramp rotc.

Test Procedure
This test is similar to starting up and shutting down the plant in a coordtnated and controllablc
manner. Thc test tvould bc done at nte disci"rent romp rates.

~ The plant would bc instructed to reduce its output to thrcc dilfcrcnt sct pomts pttir Ii&

«rc'rett It(I Lf IV) at a predetermined ramp rate, as shown in Figure A-2.

~ The plant tvould dtcn be instructed to ramp back up to full production follotving
predefined sct points at thc prcdctcrmined ramp rate, as shown in Figure A-2.

~ Rcpcat the above test using a dilYerent ramp rate.

se eoe

~ ~ ~ e n u ~ ~ e n l % e~r Una»

Figure A-2, tncrease/decrease output at a specNed ramp rate. IllusVation Irotn CA/SO

Expectation
The plant must dcmonsuatc its capability to move from its current sct point to a desired sct point
at a specified ramp rate,

Curtailment
lt is capcctcd that the plam would bc curtailed up to 60 MW for a period of 60 minutes.

Frequency Response
The frequency response capability tvoutd entail two scparatc tests: (I) a droop test and (2) a
frequency response test,

55
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Thc definition of implemcntcd frcqucncy droop control for PV plant is the same as that for

conventional generators:

p / r'ei&4

df/60Hz

Thc plant's rated power (299.9 51'tV) is used in the above equation from the droop setting

calculation. Thc plant should adjust its power output in accordance with thc droop curve with a

symmetric deadband, as shown in Figurc A-3, The upper limit of the droop curve is thc available

plant power based on thc current level of solar irradiance and panel tcmpcmturcs.

Ftgure A4. Frequency droop exptained. fifusuatfon from NREL

Frequency Droop Test (Capability fo Provide Spinning Reserve)
Objecft've

The objective of this test is to demonstrate that the plant can provide a response in accordance with

the Ho and 3%droop scnings through its governor-like control system The plant would be

instructed to opcratc heioiv its maximum capahilin during borh rests,

Tesf Procedure
For the first test. thc plant ivould be instructed to operate at 20 M IV heioiv its mrsriistmt

capahiliry. This test would bc done using a S'Y~ droop and a deadband of s 0.036 Hz.

~ Thc ISO ivould test thc frcqucncy droop capability of thc plant by using an actual

underfrequency event that occurred in thc tVestem Interconnection during the past year.
The undcrfnxlucncy cvcnt data sct (upprorinrareit i0 murutes i&fJarai would bc fcd into
ihe plant's controller, and thc plant rcsponsc would then be monitored.

~ Thc frequency droop capability would be demonstrated using one actual high-frequency
tirnc series data set provided by NREL. Examples of underfrequency and overtrequcncy
event time series mcasurcd by IvREL are shown in figurc AA and Figure A-S.

respectively.

56
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we«or« In«conealae rraywncy tee«l ~ Oriosnetl I'.2ikss ~ ssr

«« i«J
TINe l«4

Figure AA. Example of an underfrequency event. Illustration from NREL

Nov ls, 2011 S:asem PST
«I

«ie
««

I
««
««

Figure A-5. Example of an oveifrequency evehL illustration rrom NREL

~ The frequency event time scrics data will be used by thc power plant contmllcr to trigger
thc droop response by thc plant.

~ Thc above test would bc repeated with the plant at 20 MNI below its ntaximum
capability, This test would bc done using a 3'roop and a dcadband of+ 0.036 llz.

Expectaeon
Through thc action of thc governor-like control system, thc plant must respond automatically
within l second in proportion to the frequency deviations outside the deadband.

Curteilment
lt is expected that thc plant would be curtailed by 30 M'6'or approximately 60 minutes.

Capability to Provide Frequency Response
Objective
Thc objective of this test is to dcmonstratc that the plant can provide frequency rcsponsc
consistent with the Nonh American Electric Reliability Corporation's BAL403 ~ I.

Test Procedure
~ Thc plant would be instructed to opcratc 20 illif'below its maximum capability before

applying a «cp change of rapid frequency decline. An actual frequency cvcnt
(approximate)y IO minutes) would be fed into th» plant's controller, and the plant's
rcsponsc would bc monitored This test may require tuning a delay in response to ensure

57
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that the frequency response occurs «dthin 20-52 seconds follouing thc step c:hange in

frequency.

~ The plant docs rrr&f Irave Ircrrdrvrrrrrr and can only rcducc output in response to large

trequency deviations below thc scheduled frequency. Thc test would entail feeding the

plant controller with a frcqucncy more than 0.036 lla above schcdulcd froqucncy.

~ Repeat the above test with thc plant operating 40,t/IVbelow its capability for a given

irradiance level.

Expectaeon
Through thc action of thc govcmor-like control system, the plant must respond automatically in

proportion to frequency deviations.

Curtarlrnenf

lt is expected that thc plant would be curtailed by 20 hid for 60 minutes and by 40 MKt'or GO

minutes.
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